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alkanes by adduction with urea, using a mixture of methanol-
saturated urea, pentane and acetone (200 μl each). Frozen and N2-
dried urea crystals were washed with hexane to extract cyclic/
branched alkanes. Remaining urea crystals were dissolved in 500 μl of
double distilled H2O (MiliQ) and 500 μl of methanol, and extracted
with hexane to yield the purified n-alkane fraction.

Compounds were identified by GC/MS (Thermo Trace GC Ultra).
Samples were on-column injected at 70 °C, on a CP-Sil 5CB fused silica
column (30 m×0.32 mm i.d., film thickness 0.1 μm) with helium as
the carrier gas set at constant pressure (100 KPa). The oven was
programmed to 130 °C at 20 °C/min and then to 320 °C at 4 °C/min,
followed by an isothermal hold for 20 min.

The adducted n-alkane fractions were analysed for stable hydro-
gen isotopic compositions using isotope ratio monitoring gas
chromatography-mass spectrometry (GC-IRMS). For the samples
from the Danish Outcrops and IODP Leg 151 a Thermo Finnigan
MAT 253 mass spectrometer was used with a J&W Scientific DB-1
capillary column (60 m £ 0.25 mm £ 0.25 mm) at Yale University. The
sample from Possagno was measured using a ThermoFinnigan Delta-
Plus XP mass spectrometer at Utrecht University. A similar column
and oven program was used as described above, though with a
constant flow of 1 ml/min. Conversion of organic hydrogen to H2 was
conducted at 1400 °C. The H3 factor was determined daily on the
isotope mass spectrometer, and was always below 5. Schimmelman
Mixture A, B, and C (Schimmelmann, Biogeochemical Laboratories,
Indiana University), were run twice-daily alternately to correct
reference gas values. Co-injected squalane with a known δD isotopic
composition (also Schimmelman) was used as internal standard to
monitor performance. Hydrogen isotopic compositions are reported
relative to VSMOW and are based on duplicate analyses, where
possible, of well-resolved peaks (N500 mV) and represent averaged
values. The precision of isotopic measurements of H2 reference gas
after H3 correction was 0.2 or better. The average standard deviation
per day for the separate n-alkanes was below 4‰.

3. Results

3.1. Climate output Eocene

The Early/Middle Eocene simulation (EO-AZOLLA) is largely
controlled by the imposed SST gradient. Overall, EO-AZOLLA, using
TEX86-derived Arctic mean annual SSTs of 9.4 °C, is warmer and
wetter than the present-day control run (MOD) (Figs. 1 and 2).
Results of the Eocene simulation show an average global surface

temperature of 23.9 °C. However, simulated continental interior cold
month mean (CMM) temperatures in EO-AZOLLA (not shown) dip
well below freezing (down to −10 °C at certain locations) in the
continental interiors of North America and Asia. Closer to the Arctic,
continental CMM temperatures of 0–4 °C (at 79 ºN) are simulated by
the model. In our EO-AZOLLA simulation, evaporation (E) and
precipitation (P) rates are enhanced compared to MOD and the
atmospheric water vapor loading is higher due to lower lapse rates
and higher atmospheric temperatures, with the total amount of
precipitable water higher at all latitudes (not shown) by on average
13.8 mm. In mid-latitude regions, E–P values are about the same for
MOD and EO-AZOLLA, but between 50–85 ºN and 70–90 ºS, excess
precipitation is higher in the EO-AZOLLA simulation than in MOD,
amounting to up to 1.6 mm/day.

Overall, annualmeanmeridional circulation in EO-AZOLLA is similar
to present-day, with two tropical Hadley cells, the Ferrel cells at mid-
latitude and the Polar cells at high latitudes. The annual mean 850 mb
transient eddy kinetic energy is generally lower in the Eocene than in
themodern simulation, atmid-latitudes around20 m2/s2 lower than the
Present-day control, reflecting weaker storm tracks (globally averaged
~7 m2/s2 less; not shown). Annual averaged meridional heat fluxes are
also reduced in EO-AZOLLA, especially at mid-latitudes (Fig. 3a).
Transient eddy moisture transport, on the other hand, is quite similar
at low latitudes, while significantly higher (by 0.6 m/s g/kg) at higher
latitudes (N50 ºN andN65 ºS) in EO-AZOLLA (Fig. 3b).

3.2. Modeled isotopic composition of precipitation

3.2.1. Present-day control run
Themodeled isotopic composition of precipitation for the present-

day is shown in Fig. 4a and b (black). In Fig. 5a, the annual global
distribution of precipitation weighted δD in the MOD simulation is
shown.

3.2.2. Early/Middle Eocene run
The effect of an Early/Middle Eocene reduced equator-to-pole

temperature gradient (as shown in Fig. 1) on the isotopic composition
of precipitation is shown in Fig. 4a and b, and the modeled annual
global distribution of precipitation weighted δD in the EO-AZOLLA
simulation is shown in Fig. 5c. The range of absolute δD and δ18O
values is substantially reduced for the Eocene compared to MOD
(Figs. 4 and 5; zonal mean precipitation δD red versus blue line).

Fig. 1. Modeled latitudinal mean annual sea surface temperatures (SST, in °C), and temperatures over land, for the Eocene (EO-AZOLLA; red, orange lines), the present-day control
run (MOD; blue, dashed lines) and the original fully coupled run (CCSM1.4; grey, dotted line). Circles correspond to Eocene age SST proxy data, and squares correspond to various
proxy-based estimates of mean annual air temperature (MAT).
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double distilled H2O (MiliQ) and 500 μl of methanol, and extracted
with hexane to yield the purified n-alkane fraction.

Compounds were identified by GC/MS (Thermo Trace GC Ultra).
Samples were on-column injected at 70 °C, on a CP-Sil 5CB fused silica
column (30 m×0.32 mm i.d., film thickness 0.1 μm) with helium as
the carrier gas set at constant pressure (100 KPa). The oven was
programmed to 130 °C at 20 °C/min and then to 320 °C at 4 °C/min,
followed by an isothermal hold for 20 min.

The adducted n-alkane fractions were analysed for stable hydro-
gen isotopic compositions using isotope ratio monitoring gas
chromatography-mass spectrometry (GC-IRMS). For the samples
from the Danish Outcrops and IODP Leg 151 a Thermo Finnigan
MAT 253 mass spectrometer was used with a J&W Scientific DB-1
capillary column (60 m £ 0.25 mm £ 0.25 mm) at Yale University. The
sample from Possagno was measured using a ThermoFinnigan Delta-
Plus XP mass spectrometer at Utrecht University. A similar column
and oven program was used as described above, though with a
constant flow of 1 ml/min. Conversion of organic hydrogen to H2 was
conducted at 1400 °C. The H3 factor was determined daily on the
isotope mass spectrometer, and was always below 5. Schimmelman
Mixture A, B, and C (Schimmelmann, Biogeochemical Laboratories,
Indiana University), were run twice-daily alternately to correct
reference gas values. Co-injected squalane with a known δD isotopic
composition (also Schimmelman) was used as internal standard to
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relative to VSMOW and are based on duplicate analyses, where
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the model. In our EO-AZOLLA simulation, evaporation (E) and
precipitation (P) rates are enhanced compared to MOD and the
atmospheric water vapor loading is higher due to lower lapse rates
and higher atmospheric temperatures, with the total amount of
precipitable water higher at all latitudes (not shown) by on average
13.8 mm. In mid-latitude regions, E–P values are about the same for
MOD and EO-AZOLLA, but between 50–85 ºN and 70–90 ºS, excess
precipitation is higher in the EO-AZOLLA simulation than in MOD,
amounting to up to 1.6 mm/day.

Overall, annualmeanmeridional circulation in EO-AZOLLA is similar
to present-day, with two tropical Hadley cells, the Ferrel cells at mid-
latitude and the Polar cells at high latitudes. The annual mean 850 mb
transient eddy kinetic energy is generally lower in the Eocene than in
themodern simulation, atmid-latitudes around20 m2/s2 lower than the
Present-day control, reflecting weaker storm tracks (globally averaged
~7 m2/s2 less; not shown). Annual averaged meridional heat fluxes are
also reduced in EO-AZOLLA, especially at mid-latitudes (Fig. 3a).
Transient eddy moisture transport, on the other hand, is quite similar
at low latitudes, while significantly higher (by 0.6 m/s g/kg) at higher
latitudes (N50 ºN andN65 ºS) in EO-AZOLLA (Fig. 3b).

3.2. Modeled isotopic composition of precipitation

3.2.1. Present-day control run
Themodeled isotopic composition of precipitation for the present-

day is shown in Fig. 4a and b (black). In Fig. 5a, the annual global
distribution of precipitation weighted δD in the MOD simulation is
shown.

3.2.2. Early/Middle Eocene run
The effect of an Early/Middle Eocene reduced equator-to-pole

temperature gradient (as shown in Fig. 1) on the isotopic composition
of precipitation is shown in Fig. 4a and b, and the modeled annual
global distribution of precipitation weighted δD in the EO-AZOLLA
simulation is shown in Fig. 5c. The range of absolute δD and δ18O
values is substantially reduced for the Eocene compared to MOD
(Figs. 4 and 5; zonal mean precipitation δD red versus blue line).

Fig. 1. Modeled latitudinal mean annual sea surface temperatures (SST, in °C), and temperatures over land, for the Eocene (EO-AZOLLA; red, orange lines), the present-day control
run (MOD; blue, dashed lines) and the original fully coupled run (CCSM1.4; grey, dotted line). Circles correspond to Eocene age SST proxy data, and squares correspond to various
proxy-based estimates of mean annual air temperature (MAT).
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atmospheric water vapor loading is higher due to lower lapse rates
and higher atmospheric temperatures, with the total amount of
precipitable water higher at all latitudes (not shown) by on average
13.8 mm. In mid-latitude regions, E–P values are about the same for
MOD and EO-AZOLLA, but between 50–85 ºN and 70–90 ºS, excess
precipitation is higher in the EO-AZOLLA simulation than in MOD,
amounting to up to 1.6 mm/day.
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to present-day, with two tropical Hadley cells, the Ferrel cells at mid-
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Present-day control, reflecting weaker storm tracks (globally averaged
~7 m2/s2 less; not shown). Annual averaged meridional heat fluxes are
also reduced in EO-AZOLLA, especially at mid-latitudes (Fig. 3a).
Transient eddy moisture transport, on the other hand, is quite similar
at low latitudes, while significantly higher (by 0.6 m/s g/kg) at higher
latitudes (N50 ºN andN65 ºS) in EO-AZOLLA (Fig. 3b).

3.2. Modeled isotopic composition of precipitation

3.2.1. Present-day control run
Themodeled isotopic composition of precipitation for the present-

day is shown in Fig. 4a and b (black). In Fig. 5a, the annual global
distribution of precipitation weighted δD in the MOD simulation is
shown.

3.2.2. Early/Middle Eocene run
The effect of an Early/Middle Eocene reduced equator-to-pole

temperature gradient (as shown in Fig. 1) on the isotopic composition
of precipitation is shown in Fig. 4a and b, and the modeled annual
global distribution of precipitation weighted δD in the EO-AZOLLA
simulation is shown in Fig. 5c. The range of absolute δD and δ18O
values is substantially reduced for the Eocene compared to MOD
(Figs. 4 and 5; zonal mean precipitation δD red versus blue line).
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Horizontal buoyancy gradient is negligible in the tropical free 
troposphere. However, there is significant temperature gradient.
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CRH = Column Relative Humidity
Black: buoyancy; gray: temperature



No forces can balance horizontal buoyancy gradient in the tropical free 
troposphere.

Credit: GIANT WAVE SURFING

Atmospheric gravity waves (ripples) can 
smooth out buoyancy anomalies



Horizontal buoyancy gradient is negligible in the tropical free 
troposphere. However, there is significant temperature gradient.

NASA AIRS data; 2ºS to 2ºN
CRH = Column Relative Humidity
Black: buoyancy; gray: temperature

Where are the precipitating 
moist columns?
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Horizontal buoyancy gradient is negligible in the tropical free 
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A few important numbers 

Radiative forcing due to doubling CO2 is about 3 - 4 W/m2

The strength of surface albedo feedback and cloud feedback is 
about 0.1 W/m2/K

We will compare the radiative effect of the vapor buoyancy to 
the above numbers 
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ΔT = Tdry − Tdry,noVB = Tdry − Tmoist



0 5 10

0

200

400

600

800

1000
0 5 10

0

200

400

600

800

1000
0 1 2 3

0

200

400

600

800

1000

a b c

       increases with surface temperature and moisture 
contrasts 
ΔT

280 K
300 K
320 K

dot-dashed:
solid:

dashed:

β = 0.2
β = 0.5
β = 0.8

where e = Mv/Md , where Mv and Md represent the molar mass of water vapor and dry air, respec-188

tively. In the free troposphere, uniform buoyancy requires the virtual temperature to be uniform189

across the moist and dry area:190

Tm

✓
1+ rm/e

1+ rm

◆
= Td

✓
1+ rd/e

1+ rd

◆
. (12)

We substitute Td = Tm +DTWBG into (12) and get191

DTWBG = Tm

✓
1+ rm/e

1+ rm
� 1+ rd/e

1+ rd

◆✓
1+ rd

1+ rd/e

◆
. (13)

Equation (13) is derived without approximations about the amount of water vapor and the ampli-192

tude of DT . Although this form is quite accurate, we would like to simplify it by assuming water193

vapor is a trace gas: r ⌧ 1. This is a good assumption for the current climate and may still be194

good till surface temperature reaches 320 K, at which temperature r⇤(ps) = 73 g/kg. With this195

approximation, we get196

DTWBG = Tm

✓
1
e
�1

◆�
rm � rd

�
. (14)

This simplified equation clearly tells that DT depends on the contrast, not just absolute values, of197

mixing ratio and molar mass.198

The above calculation is more accurate in the free troposphere, where gravity waves efficiently199

smooth out buoyancy anomalies. Although there is no such constraints in the boundary layer, we200

can assume that DT = 0 at the surface temperature because of the uniform sea surface temperature201

(SST). We, therefore, require DT equals DTWBG in the free troposphere but smoothly decays to 0202

at surface:203

DT = DTWBG ⇥


1�
⇣ p

ps

⌘n
�
, (15)

where n controls the decay rate with pressure. The p/ps term would decay faster (slower) with204

large (small) n, so different n could potentially result in different amplitudes and altitudes of the205
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Moist and dry patches are simulated in 2D cloud-resolving 
model (CRM) simulations

Color shading: Precipitable water
There is no rotation

Left: no vapor buoyancy
right: with vapor buoyancy



Moist and dry patches are simulated in 2D cloud-resolving 
model (CRM) simulations

WBG and △T self-emerge!
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Moist and dry patches are simulated in 2D cloud-resolving 
model (CRM) simulations

(b) SST=290K, With V.B.
 240

244
248

252
256

260
264

268

272

276
280

284

050100

500

600

700

800

900

1000

p 
(h

Pa
)

(d) SST=300K, With V.B.
 260

264
268

272
276

280
284

288

292

296

050100

500

600

700

800

900

1000

p 
(h

Pa
)

(f) SST=310K, With V.B.
 

284
288

292
296

300
304

308
308

050100
Percentile Rank of PW (%)

500

600

700

800

900

1000

p 
(h

Pa
)

(a) SST=290K, No V.B.
 240

244
248

252
256

260
264

268

272

276
280

284

0 50 100

500

600

700

800

900

1000

p 
(h

Pa
)

(c) SST=300K, No V.B.
 260

264
268

272
276

280

284

288

292
296

0 50 100

500

600

700

800

900

1000

p 
(h

Pa
)

(e) SST=310K, No V.B.
 280

284

288

292

296

300

304

0 50 100
Percentile Rank of PW (%)

500

600

700

800

900

1000

p 
(h

Pa
)

Temperature (K)

Color shading: Precipitable water
There is no rotation

Left: no vapor buoyancy
right: with vapor buoyancy

ΔT ∼ 4K

WBG and △T self-emerge!

Red: Temperature
Black: Buoyancy



The lightness of water vapor increases OLR
This effect increases with warming, a negative feedback
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2D CRM results confirm our 1D results

Seidel and Yang, 2019 (to be submitted)
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Simulation pairs
Single simulation Radiative effect is about 2 W/m2

It increases exponentially

Feedback parameter is about 
0.2 W/m2/K
It also increases with warming.

Similar to 2XCO2

Similar to cloud or 
surface albedo feedbacks



We further test the hypothesis in a 3D GCM

Temperature Temperature ΔT ∼ O(1.5 K)
With vapor buoyancy No vapor buoyancy

LatitudeLatitude Latitude

GFDL AM2 model; 20-yr simulations with fixed SSTs; 
Last 5 years are analyzed. 
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The radiative effect peaks in the tropics
    The max value is about 5 W/m2

    The global-averaged value is about 1.5 W/m2

ΔOLR ∼ O(5 W/m2)
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The radiative effect peaks in the tropics
    The max value is about 5 W/m2

    The global-averaged value is about 1.5 W/m2

ΔOLR ∼ O(5 W/m2)
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Effectively stabilize tropical climate!



3D GCM simulations confirm our hypothesis
The global-averaged radiative effect is about 1.5 W/m2

This effect increases with warming

Global-averaged radiative effect
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Tropical SST (K)

dΔOLR/dTs ∼ 0.2 W/m2/K

Only consider the clear-sky effect

Similar to cloud or 
surface albedo feedbacks
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The lightness of  water vapor is incredible!

http://osf.io/ha9sx


The radiative effect of vapor buoyancy is about 1 W/m2

NASA AIRS data; deep tropic





where e = Mv/Md , where Mv and Md represent the molar mass of water vapor and dry air, respec-188
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Equation (13) is derived without approximations about the amount of water vapor and the ampli-192

tude of DT . Although this form is quite accurate, we would like to simplify it by assuming water193

vapor is a trace gas: r ⌧ 1. This is a good assumption for the current climate and may still be194
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This simplified equation clearly tells that DT depends on the contrast, not just absolute values, of197

mixing ratio and molar mass.198

The above calculation is more accurate in the free troposphere, where gravity waves efficiently199

smooth out buoyancy anomalies. Although there is no such constraints in the boundary layer, we200

can assume that DT = 0 at the surface temperature because of the uniform sea surface temperature201

(SST). We, therefore, require DT equals DTWBG in the free troposphere but smoothly decays to 0202

at surface:203
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

1�
⇣ p
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where n controls the decay rate with pressure. The p/ps term would decay faster (slower) with204

large (small) n, so different n could potentially result in different amplitudes and altitudes of the205
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Require the virtual temperature being horizontally uniform

We can solve for the temperature difference by assuming 
the moist column is saturated

Use WBG to constrain temperature differences

Note: Tm = Td,noVB

Temperature difference between the two dry columns


